The effective treatment for pancreatic carcinoma remains critically needed. Herein, this current study showed that spiclomazine treatment caused a reduction in viability in pancreatic carcinoma cell lines CFPAC-1 and MIA PaCa-2 in vitro. It was notable in this regard that, compared with pancreatic carcinoma cells, normal human embryonic kidney (HEK-293) and liver (HL-7702) cells were more resistant to the antigrowth effect of spiclomazine. Biochemically, spiclomazine treatment regulated the expression of protein levels in the apoptosis related pathways. Consistent with this effect, spiclomazine reduced the mitochondria membrane potential, elevated reactive oxygen species, and activated caspase-3/9. In addition, a key finding from this study was that spiclomazine suppressed migration and invasion of cancer cells through downregulation of MMP-2/9. Collectively, the proposed studies did shed light on the antiproliferation effect of spiclomazine on pancreatic carcinoma cell lines, and further clarified the mechanisms that spiclomazine induced apoptosis associated with the suppression of migration and invasion.
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Introduction
Pancreatic carcinoma is one of the most aggressively gastrointestinal malignancies with poor prognosis [1] [2] [3] . The current standard treatment for patients with pancreatic carcinoma is surgery, radiation and drugs, singly or in combination. However, the overwhelming majority of patients preclude surgery since they present at a locally advanced or metastatic stage. This means that pancreatic carcinoma has a relatively high mortality rate when compared with other cancers. The root of the problem lies in its insidious invasion, early metastasis, and resistance to conventional therapy [4, 5] , which leads to the recurrence of tumor and the treatment failure and therefore presents an unfavorable prognosis. To address these problems, new therapeutic strategies for treatment of pancreatic carcinoma are imminently needed. Especially, it is of urgent importance for the development of effective anticancer drugs [3] .
The understanding of the cellular and molecular mechanisms of pancreatic carcinoma is rapidly expanding and being hopefully utilized to develop better therapeutic drugs [6] . Since the inhibition of apoptosis plays central roles in the degradation process of cancers, apoptotic inducers as therapeutic drugs were widely used in trials [7] [8] [9] . Some works revealed that apoptosisinducing drugs were with limited toxicity to normal cells and organs, apoptotic-mediating therapy therefore was an importance of direction for the therapy in cancers [10] [11] [12] . One has to keep in mind, however, that for some tumors multiple pathogeneses were observed [13] . Tumor metastases are the most common causes of death in cancer patients and the biggest challenges for cancer treatment. Cell migration plays a vital role in the progression of cancer since its deregulation causes the metastasis of tumors [14] . Also, cell invasion is an important characteristic of tumors in the process of metastasis. In addition, matrix metalloproteinases (MMPs) were believed to play a critical role in tumor invasion [15] . Thus, a better understanding of the underlying mechanisms of metastasis is important for the development of anticancer agent to improve the clinical outcome.
Spiclomazine, termed as 1-Thia-4,8-diazaspiro [4.5] decan-3-one,8-[3-(2-chloro-10H -phenothiazin-10-yl)propyl]-hydrochloride (NSC290956, Figure 1A) , demonstrated an antipsychotic effect as described in NCI Cancer Screen Current Data (http:// dtp.nci.nih.gov). So far no studies have been reported on its effect on human pancreatic carcinoma. To search for a therapeutic agent, we used two pancreatic carcinoma cell lines CFPAC-1 and MIA PaCa-2 as model system to examine the anticancer property of spiclomazine. In accordance with our studies, spiclomazine effectively induced CFPAC-1 and MIA PaCa-2 cell death in the mitochondrial-mediated pathway in vitro, which promoted apoptosis while inhibiting viability, migration, and invasion. Of interest is the observation that the cytotoxic effect of spiclomazine on cancer cells was more pronounced than normal human embryonic kidney (HEK-293) and liver (HL-7702) cells. Overall speaking, we generated enough preliminary in vitro evidence to support the role of spiclomazine as an apoptotic inducer associated with the suppression of tumor metastasis. With further in-depth investigations, spiclomazine may be of value as a therapeutic agent aimed at combating pancreatic carcinoma progress and metastasis.
Materials and Methods

Materials
Media (DMEM and IMDM) and fetal bovine serum (FBS) were purchased from Gibico (Grand island, NY). All the antibodies used were purchased from BD Bioscience (San Jose, CA). Chemicals were purchased from Sigma (St Louis, MO). Spiclomazine was kindly supplied from NCI/DTP Open Chemical Repository (http://dtp.cancer.gov) and further confirmed by HPLC and MS. Spiclomazine was dissolved in DMSO to make stock solution (10 mg/mL) and further diluted to appropriate concentrations with double distilled water containing 10% DMSO immediately before use. The final concentration of DMSO in the culture media is 0.1%, which does not significantly affect on the cells.
Cell Culture
Human pancreatic carcinoma cell lines CFPAC-1 and MIA PaCa-2 were purchased from American Type Culture Collection (ATCC, Rockville, MD) and maintained in IMDM and DMEM containing 10% FBS, 100 units/mL penicillin, 50 mg/mL streptomycin, and 100 mg/mL amphotericin (Invitrogen, Carlsbad, CA), respectively. Normal human embryonic kidney (HEK-293) and liver (HL-7702) cells were purchased from Chinese Academy of Science Type Culture Collection (Shanghai, China) and incubated in DMEM media containing 10% FBS. Cells were incubated in 25 mL flasks and kept in a humidified atmosphere with 5% CO 2 at 37uC. During the process of cell culture, there was not any effect of mycoplasmas on these cell lines used, which was confirmed by a fluorochrome DNA staining test using a mycoplasma stain assay kit (Beyotime Institute of Biotechnology, China). 
MTT Assay
To measure cell viability, both human pancreatic carcinoma CFPAC-1 and MIA PaCa-2 and normal human HEK-293 and HL-7702 cells were seeded onto 96-well plate (1610 4 cells/well). After overnight incubation, the culture media was removed and treated by vehicle as control groups or different concentrations of spiclomazine in complete medium as experimental groups, respectively. After 24 and 48 h treatment, thiazolyl blue tetrazolium bromide (MTT) was added to each well and incubated for additional 4 h. The absorption of formazan solubilized in 100 mL of DMSO was measured at the wavelength of 490 nm by a 96-well multiscanner autoreader (Biotech Instruments, New York). MTT does not interfere with spiclomazine and causes a positive response.
Colony Formation Assay
Pancreatic carcinoma cells (1610 4 ) were resuspended in 0.3% agar in DMEM or IMDM with 10% FBS and overlaid on 0.6% agar in the same media in 3.5 cm dishes. Cells were cultured with vehicle as control groups or various concentrations of spiclomazine as experimental groups at 37uC. The colonies fixed with 2.5% glutaraldehyde were evaluated by counting the colonies under Olympus X71 inverted phase microscope (Dr. Schumann Optik OHG, Hessen, Germany) after 10 days. Colony forming efficiency was calculated by the number of colonies/100 seeded cells.
Hoechst 33342 Staining Assay
Both pancreatic carcinoma cells ( 1610 5 ) were respectively seeded onto glass-bottomed plate and incubated overnight. Thereafter, cells were treated by using either vehicle as control groups or various concentrations of spiclomazine as experimental groups, and then cultured for 48 h at the same conditions. Thereafter, cells were stained using Hoechst 33342 kit (KeyGEN Biotech, Nanjing, China) and observed using confocal-laser scanning microscope (TCS SP2, Heidelberg, Germany).
Flow Cytometric Cell Apoptosis Detection
For quantitative evaluation of apoptosis, both pancreatic carcinoma cells (1610 6 cells/well in 24-well plate) after being treated by vehicle as control groups or various concentrations of spiclomazine as experimental groups were stained using an apoptosis detection kit (KeyGEN Biotech, Nanjing, China), and subsequently subjected to flow cytometry (FCM) using fluorescence activated cell sorter FACSAria (BD Bioscience, San Jose, CA). The apoptotic population was defined using Diva 6.0 software (BD Bioscience, San Jose, CA). In total, 10,000 events were analyzed in each sample.
Western Blotting
For Western blotting analysis, both pancreatic carcinoma cells ( 1610 6 ) were seeded onto 10 cm plate. After treatment with indicated concentrations of spiclomazine and vehicle for 24 h, whole-cell proteins or mitochondrial fractions were isolated and measured. Equal amount of protein was separated using 12% SDS-PAGE using the Mini Protein System (Bio-Rad, Marnes-laCoquette, France) and then transferred to the polyvinylidene difluoride (PVDF) membranes. The membranes, after being blocked with 3% BSA in TBST, were incubated with specific antibodies (1:500 dilution) against caspase-3, 8, and 9, cytochrome c, Bcl-2, and Bax. Following washing with TBST, the membranes were incubated with peroxidase-conjugated goat antimouse or antirabbit secondary antibody (1:1000 dilution), respectively. The specific proteins were scanned by the Vilber Lourmat Imaging and Gel Documentation System (Vilber Lourmat, France). Actin was used as internal positive control.
Measurement of the Mitochondria Membrane Potential (DYm)
Rhodamine-123 (Rho-123) dye was used to detect the changes in DYm [16] . Cells (5610 4 cells/well) were cultured in 24-well plate at 5% CO 2 and 37uC conditions. After a period of exposure (48 h) with vehicle or various concentrations spiclomazine, cells were incubated with Rho-123 (10 mg/mL) and subsequently subjected to FCM. In total, 10,000 events were analyzed in each sample.
Detection of Reactive Oxygen Species (ROS)
Detection of ROS was performed by flow cytometric analysis as described previously [17] . In brief, cells (5610 4 cells/well) were cultured in 24-well plate at 5% CO 2 and 37uC conditions. After Figure 5 . Analysis of the loss of DYm (A) and the generation of ROS (B). The cells were treated at the indicated dose for 48 and 2 h and thereafter subject to FCM for the detection of DYm and ROS, respectively. Representative results from three independent experiments are shown; and each value represents mean 6 SD in three independent experiments. doi:10.1371/journal.pone.0066362.g005 2 h exposure with vehicle or various concentrations spiclomazine, cells were subjected to FCM to determine ROS levels. In total, 10,000 events were analyzed in each sample.
Wound-healing Assay
Cell migration was assessed by a wound-healing assay [18] . Pancreatic carcinoma cells grown to 90% confluence in 6-well plate (5610 5 cells/plate) were incubated for 24 h in starvation medium. Thereafter, a wound scratch was created by scratching the monolayer of cells with a pipette tip. Then, cells were washed three times with PBS and fresh culture media supplemented with 1% FBS was replaced. At t = 0, cells were treated with vehicle or 30.0 mg/mL spiclomazine. At t = 24 h, visualization of the distance of wound closure (compared with control at t = 0) was observed with an Olympus X71 inverted phase microscope.
Invasion Assay
Fibroblast migration assay was performed using a 24-well transwell Boyden chamber (BD Biosciences). To prepare conditioned media, NIH3T3 mice fibroblast cells obtained from Chinese Academy of Science Type Culture Collection (Shanghai, China) were cultured in complete DMEM media to reach a confluent monolayer at 37uC in a humidified incubator with 5% CO 2 . Thereafter, cells were incubated in starvation media as above for 24 h. Then, culture supernatants were collected and sterilized by filtration. 10 5 cells followed by incubation for 24 h and resuspended in starvation media were seeded in the upper compartment without coated by Matrigel (BD, San Jose, CA). While 0.5 mL mixed media (conditioned media : complete media = 1: 1) were filled in the lower compartment that served as a chemo-attractant. Cells were allowed to invade for 24 h Figure 6 . Spiclomazine suppressed cell migration determined by wound healing assay. The images of cell monolayer with scored wound at 0 h and 24 h after being incubated with 0.1%DMSO (final concentration) and 30.0 mg/mL spiclomazine were photographed by an inverted phase microscope. At t = 24 h, visualization of the distance of wound closure (compared with control at t = 0) was observed in three-independent wound sites per group. doi:10.1371/journal.pone.0066362.g006 before the Matrigel was removed, and invaded cells were fixed with methanol and stained with 1% crystal violet. Migration was quantified in three random fields in each well. Cells adhering to the bottom surface of the membrane were observed under microscopy.
Gelatin Zymography
To investigate the gelatinase activity of MMPs, the gelatin zymography was performed. Both CFPAC-1 and MIA PaCa-2 cells cultured in serum-free IMDM or DMEM media were treated by spiclomazine for 24 h and then cell supernatants were collected. Gelatin zymography was carried out by subjecting conditioned media samples to 10% SDS-PAGE containing 1 mg/ mL of gelatin. MMPs were activated by incubation at 37uC for 12 h in the activating buffer [19] . Gels were then stained with 0.25% Coomassie brilliant blue R-250 diluted in 40% methanol and 5% acetic acid. The transparent bands were scanned by using the Vilber Lourmat Imaging and Gel Documentation System (Vilber Lourmat, France).
Statistical Analysis
Results were presented as means 6 SD of at least triplicate experiments, each condition performed with three cultures. Statistical analyses were performed using SPSS 11.5 statistical software.
Results
Spiclomazine Reduces Contact-dependent andindependent Proliferation
Treatment with spiclomazine for 24 and 48 h resulted in a timeand dose-dependent growth reduction of both cell lines examined by MTT assay (Figure 1B, C for HL-7702, respectively. To determine longterm effect of spiclomazine, further, the ability of CFPAC-1 and MIA PaCa-2 cells to grow in an anchorage independent fashion was measured by colony formation assay. Our data indicated that spiclomazine inhibited contact-independent colony formation of both pancreatic carcinoma cells in a dose-dependent manner ( Figure 1E ). These results provide evidence that spiclomazine has selective cytotoxicity for both CFPAC-1 and MIA PaCa-2 cells.
Induction of Apoptosis
The effect of spiclomazine on cell toxicity can be assessed by measuring cellular morphology [20] . The nuclear condensation occurs when cells are in apoptotic stage, implying that the morphological changes are evident by nucleus staining [21] . Hoechst 33342 staining showed that the apoptotic morphological changes, including cell shrinkage, cytoplasmic condensation and the formation of apoptotic bodies, were observed after spiclomazine treatment (Figure 2) .
To investigate the cellular mechanisms underlying spiclomazine's cytotoxic effect, we assessed the effect of spiclomazine on apoptosis in both cancer cells. Apoptotic cells were defined as the sum of Annexin V-FITC positive/PI negative (early apoptosis, Q4 quadrant) and Annexin V-FITC positive/PI positive (late apoptosis, Q2 quadrant) [22] . As shown in Figure 3 
Effect of Spiclomazine on Proteins in the Apoptosis Related Pathways
The effect of spiclomazine on protein levels in the apoptosis related pathways was examined by western blotting assay (Figure 4 ). After being treated by spiclomazine, the cleavages of caspase-3/9 were increased in a dose-dependent manner. However, the cleaved-caspase-8 was almost undetectable in both cancer cells. In addition, the expression of Bax was up-regulated concomitant with the related attenuation of Bcl-2 protein expression. Simultaneously, the level of cytochrome c in cytosol was increased accompanied by the decrease of the level of cytochrome c in mitochondria.
Spiclomazine Induces Apoptosis in the Mitochondrial Pathway
A wide variety of drugs have been recognized to possess the ability to induce apoptosis in tumor cells via various mechanisms in the apoptotic pathways. On one hand, loss of DYm is related to the mitochondrial apoptotic pathway [23] . As shown in Figure 5A , cells in control groups had high level DYm, however, loss of DYm was clearly observed in a dose-dependent manner in experimental groups. Experimentally, the loss of DYm reached 16.960.5% and 65.960.1% when CFPAC-1 cells were treated with spiclomazine at 0.5 and 16IC 50 concentration, respectively. Also, the loss of DYm collapse in MIA PaCa-2 cells reached 24.661.0% and 46.365.8% at the same concentrations, respectively. The data provided a support for the conclusion that pancreatic carcinoma cells treated by spiclomazine lost DYm.
On the other hand, ROS generation is also linked to mitochondria [16] . As shown in Figure 5B , spiclomazine treatment significantly enhanced intracellular ROS level from 2.660.5% in the control to 67.360.6% in the treated CFPAC-1 cells at the concentration of IC 50 for 2 h. Also, the ROS level was increased from 2.260.4% in the control to 57.064.1% in the treated MIA PaCa-2 cells at the same concentration.
Spiclomazine Suppresses Cellular Motility in vitro
It is well known that migration and invasion are the major characteristics of tumor metastases [18] . To examine whether spiclomazine has any effect on cellular motility, we first performed a wound-healing assay to test the cell migration upon spiclomazine treatment. After the addition of spiclomazine, the cells were allowed to migrate into the created cell-free area. As shown in Figure 6 , in the absence of spiclomazine (control groups), both CFPAC-1 and MIA PaCa-2 cells migrated into the cell-free area. However, in the presence of spiclomazine at the concentration of 30 mg/mL (experimental groups), both cells were significantly inhibited to migrate into a wound to close the gap, which resulted in a much slower wound closure of the confluent monolayer.
In order to evaluate the effect of spiclomazine on pancreatic carcinoma cells invasiveness, we next examined whether spiclomazine was able to suppress the invasion of both CFPAC-1 and MIA PaCa-2 cells through using Transwell chamber. As shown in Figure 7 , spiclomazine markedly suppressed the migration of both pancreatic carcinoma cells in a dose-dependent manner. These results indicated that spiclomazine could suppress the mobility of both cancer cells in vitro.
In the process of tumor invasion, MMPs play essential roles by degradating the basement membrane and collagenous extracellular matrix (ECM). To identify the possible alterations of MMPs in both cells, the activity of MMP-2/9 was assessed by a gelatin zymography. As shown in Figure 8 , the intuitive activity changes of MMP-2/9 were observed in CFPAC-1 cells after being treated by spiclomazine at the concentration of 30 mg/mL. In addition, the significant low activities of MMP-2/9 were shown in MIA PaCa-2 cells at the concentration of 30 mg/mL. Although the activation degrees were different, the application of spiclomazine ultimately contributed to the activation of MMP-2/9. Collectively, our results suggested that spiclomazine exerted its effect on metastasis through the inhibition of migration and invasion in both CFPAC-1 and MIA PaCa-2 cells by down-regulating the expression of MMP-2/9.
Discussion
In the present study, we demonstrated the occurrence and nature of spiclomazine effectively reducing pancreatic carcinoma cells activity (proliferation and migration). This is most likely attributable to the cytotoxic effect of spiclomazine on both pancreatic carcinoma cells. In contrast, spiclomazine showed a substantially reduced toxicity on normal cells including HEK-293 and HL-7702 at the same concentrations (Figure 1) . In this regard, our results suggested that spiclomazine could exert cytotoxic effect selectively on pancreatic carcinoma cells. There are several possible explanations to account for this apparent lack of cellular toxicity. Possibly even more important is that normal cells have some protective mechanisms against spiclomazine by detoxifying excessive ROS, which is directly related to the reduction of the toxic effect of spiclomazine on HEK-293 and HL-7702 cells [24] .
The apoptosis-inducing in tumor cells is considered very useful in the therapy of cancers [25] . Presently, a wide variety of compounds have been discovered to perform their pharmacological effects against some diseases through inducing apoptosis in various tumor cells of human origin [26] [27] [28] . As of now, some modes of action induced by therapeutic drugs in the apoptotic pathways have been delineated [29] [30] [31] [32] [33] [34] . Herein, we were interested in testing the effect of spiclomazine on the apoptosisinducing of CFPAC-1 and MIA PaCa-2 in vitro. Accumulating biochemical results indicated that spiclomazine treatment resulted in cleavage of pro-caspase-3/9 ( Figure 4) indicating that spiclomazine induced apoptosis in pancreatic carcinoma cells. And these results prompted us to speculate that the intrinsic mitochondrial apoptotic pathway was activated [35] .
Generally, cancer cells themselves are more prone to undergo apoptosis and a comprehensive understanding of the molecular pathways that regulate apoptosis in the intrinsic mitochondrial apoptotic pathway is important for developing new opportunities for the discovery of drugs [36] . To confirm the underlying apoptotic mechanisms, several proteins and molecular events related to apoptosis were examined. Release of cytochrome c from mitochondria was considered an apoptosis-specific characteristic in the process of apoptosis-inducing [37] [38] [39] . Bcl-2 involved in mediating apoptosis is an anti-apoptotic protein, and thus it acts as inhibitor of apoptosis through releasing cytochrome c from mitochondria and activating caspase-9 [40, 41] . Our findings that spiclomazine down-regulated the expression of Bcl-2 suggest that spiclomazine might induce both pancreatic carcinoma cells apoptosis. Bax, a member of Bcl-2 family, can promote cell death through regulating the mitochondrial apoptosis pathway [42] . The data shown in Figure 4 are compatible with the possibility that apoptosis was favored when increased levels of the pro-death Bax protein occurred. To further investigate the mechanism of apoptosis-inducing, we evaluated the effect of spiclomazine on DYm. Loss of DYm was observed as demonstrated in Figure 5A , which suggests that mitochondria is affected at the early apoptotic stage. Simultaneously, caspase-3 and -9 were activated as shown in western blotting (Figure 4) , suggesting that the dissipation of DYm played essential roles for the activation of the downstream effectors caspase-3 and -9 [43] . It is now clear that ROS production closely correlates with the potency inducing apoptosis by anti-cancer agents [44] . Spiclomazine elevated intracellular ROS levels as displayed in Figure 5B , which suggests that the enhancement of ROS levels following with the cleavage of caspases was sufficient for effective apoptosis-inducing in cancer cells [45] . These combined data clearly suggest that spiclomazine activated caspase-9 specifically in both cancer cells through the intrinsic mitochondrial pathway [46] , which was mediated by the loss of DYm and the generation of ROS.
Failure of treatment for pancreatic carcinoma is mainly caused by metastasis of tumor cells to the neighboring organs [14] . Migration and invasion are essential events in tumor metastasis. More compelling evidence for this possibility was given by the results summarized in Figure 6 and 7. We utilized the woundhealing assay to assess the motility of both CFPAC-1 and MIA PaCa-2 cells and the Transwell matrigel invasion assay to test the ability of both pancreatic carcinoma cells to penetrate ECM. The motility and invasion potential of CFPAC-1 and MIA PaCa-2 cells were strongly suppressed by a single application of spiclomazine. In the process of tumor invasion, the capacity of tumor cells to degradate the local matrix barriers is also required. MMPs can degradate the basement membranes and ECM, thus play pivotal roles in tumor invasion. MMP-2 and -9 are the principle MMPs expressed by cancer cells. As we did observe strong MMP-2 and -9 activity in both cancer cells in Figure 8 , we speculate that MMP-2 and -9 are key players in metastasis of pancreatic carcinoma. Overall speaking, our studies showed a potential role of spiclomazine to suppress migration and invasion of highly metastatic pancreatic carcinoma cells in vitro. The exact molecular mechanisms by which spiclomazine suppresses pancreatic carcinoma metastasis remain to be awaited with interest.
In summary, spiclomazine results in decreased in vitro contactdependent and -independent growth of pancreatic cells, coupled with activation of apoptotic cascades. Furthermore, spiclomazine demonstrates the inhibition of motility in pancreatic carcinoma cells in vitro, which is correlated with the suppression of migration and invasion. Taken together the appropriate results and mechanisms suggest that spiclomazine may be a promising option for treatment of patients with pancreatic carcinoma.
